The low ethanol tolerance of thermophilic anaerobic bacteria, generally less than 2% (v/v) ethanol, is one of the main limiting factors for their potential use for second generation fuel ethanol production. In this work, the tolerance of thermophilic anaerobic bacterium Thermoanaerobacter BG1L1 to exogenously added ethanol was studied in a continuous immobilized reactor system at a growth temperature of 70
Introduction
Thermophilic anaerobic ethanol producing bacteria are naturally capable of metabolizing a very broad range of carbohydrates, including pentose sugars and their polymers [1] . This ability is a key advantage for their potential use as a biocatalyst for conversion of lignocellulosic biomass to ethanol in industrial scale [1] . The low ethanol tolerance of these microorganisms generally less than 2% (v/v) ethanol is one of the main limiting factors for not being seriously considered for industrial exploitation [1] [2] [3] . This is mainly because of the high energy requirement for product recovery by any conventional distillation process when the ethanol concentration is below 5% (v/v) in the fermentation broth [4, 5] . Low ethanol tolerance also limits allowable substrate concentrations, thus decreasing productivity and increasing bioreactor costs [1] .
Ethanol tolerance in thermophilic bacteria has been reviewed elsewhere [1, 6] , and generally two basic mechanisms of ethanol inhibition have been proposed: (i) a blockage in glycolysis in Clostridium thermocellum associated with altered membrane organization and permeability which affects the activity of glycolytic enzymes [7] [8] [9] , and (ii) overreduction of the cellular pyridine nucleotide pool in Clostridium thermohydrosulfuricum which inhibits glycolysis, in particular glyceraldehyde-3-phosphate dehydrogenase activity [6] . The investigations have shown that ethanol tolerance decreases with increasing temperature [7] [8] [9] [10] . High temperatures affect the physical properties of membranes resulting in decreased membrane organization and increased membrane fluidity.
Earlier studies of ethanol tolerance in both yeast and bacteria have shown a difference in toxicity between produced and added ethanol, with a higher tolerance to ethanol for exogenously added ethanol [1, 11, 12] . However, Lynd et al. [4] showed that Thermoanaerobacterium thermosaccharolyticum HG-8 is equally inhibited by exogenously added ethanol as by endogenously produced ethanol. The above mentioned discrepancy was found to be due to salt inhibition resulting from the base added to control pH.
Previous studies have shown that only a few wild-type and mutant thermophilic anaerobic bacterial strains are able to tolerate 5% (v/v) ethanol at their optimum temperature for growth [3, [13] [14] [15] [16] . Recently, a mutant strain of Thermoanaerobacter ethanolicus (39E-H8) has been reported to display an ethanol tolerance of 8% (v/v) at 60
The use of the continuous mode of operation to define organism tolerance to ethanol provides an opportunity for long-term strain adaptation to high ethanol concentrations and the inherent reliability of steady-state measurements [12, 17] . Ethanol tolerance of thermophilic anaerobic bacteria has been examined in continuous cultures [10, 12, 17] , but to our knowledge, none of these studies have been performed with high cell density (e.g. cell immobilization or cell recycle). A number of studies have reported that cell immobilization increases tolerance to ethanol and other toxic compounds in both mesophilic and thermophilic yeast (for review, see reference [18, 19] ).
Development of an economically viable lignocellulose-based ethanol fermentation process requires that the microorganism used can tolerate high concentration of the fermentation product e.g. ethanol higher than 5% (v/v). In this regard, the ethanol tolerance of thermophilic anaerobic bacteria is an important characteristic when considering them for industrial bioethanol production [1] . Ethanol tolerance of our thermophilic anaerobic bacterial strain Thermoanaerobacter BG1L1, found to ferment lignocellulosic substrate such as wheat straw hydrolysate [20] , was the objective of the study presented here. The experiment was carried out in an immobilized reactor system, and this study is the first report on ethanol tolerance of immobilized thermophilic anaerobic bacteria.
Materials and methods

Microorganism
The strain used in this study was Thermoanaerobacter BG1L1, which is a lactate dehydrogenase deficient mutant of the thermophilic anaerobic bacterial strain BG1. The strain Thermoanaerobacter BG1L1 has been deposited in the German Collection of Microorganisms and Cell Cultures (DSMZ) as a patented strain.
Media and Inoculum Preparation
The inoculum was prepared by growing cells in 100 ml vials (Belco Inc.) containing 45 ml anaerobic synthetic medium (BA medium), as previously described [21] , supplemented with 1 g/l yeast extract (Difco), but without cysteine. The medium was neutralized and flushed for 15 min with a mixture of N 2 /CO 2 (80%:20%) to ensure anaerobic conditions before autoclaving at 140
• C for 20 min. Prior to incubation the medium was reduced with a sterile anaerobic solution of sodium sulfide to a final concentration of 0.5 g/l, and supplemented with filter-sterilized anaerobic solutions of D-xylose and vitamins DSMZ medium No141 (German Collection of Microorganisms and Cell Cultures) to initial concentrations of 5 g/l and 10 ml/l, respectively, unless otherwise stated. The media was inoculated with 10% (v/v) culture and incubated overnight at 70
• C in the dark without shaking.
Fermentation medium
Anaerobic synthetic medium (BA medium) as described above was used for continuous fermentations. The initial pH of the medium was adjusted to 7.4 − 7.7 and it was autoclaved at 120
• C for 30 min. After cooling, the sterile stock solution of D-xylose (400 g/l), NaHCO 3 buffer (52 g/l) and vitamins DSMZ medium No141 were added to final concentrations of 10 g/l, 2.6 g/l and 10 ml/l, respectively. The medium was flushed with a gas mixture of N 2 /CO 2 (80%:20%) for 45 minutes to ensure anaerobic conditions. Finally, Na 2 S (0.25 g/l) and ethanol were injected into the medium bottle to final concentrations ranging from 1% to 9% (v/v).
Reactor Set-up
A schematic diagram of the reactor set-up used in the present study is shown in Figure 1 . The fluidized bed reactor (FBR) was a water-jacketed glass column with a working volume of 200 ml. The influent entered from the bottom of the reactor and the feeding was controlled by a peristaltic pump. Recirculation flow was achieved by using an identical peristaltic pump, with a degree of recirculation to ensure up-flow velocities in the reactor of 1 m/h. The experiments were performed at 70
• C using external heating for the recirculation of hot water in the glass jacket, and pH control was not used. Liquid and gas samples were taken from sampling ports located on the top of the reactor, close to the reactor outlet. 
Reactor Start-up and Operation
The reactor was loaded with 75 ml granulated carrier material of 1 − 1.5 mm in diameter [22] , and finally the entire reactor system, including the tubing and recirculation reservoir, was autoclaved at 120
• C for 30 min. Before use, the reactor system was gassed for 15 minutes with N 2 /CO 2 (4:1) to ensure anaerobic conditions and filled with BA medium with an initial xylose concentration of 10 g/l. The reactor was started up in batch mode by inoculation with 80 ml of cell suspension with an optical density (OD 578 ) of 0.9 − 1. The batch mode of operation was maintained for 24 hours to allow cells to attach and to immobilize on the carrier matrix. After the batch run, the system was switched to continuous mode applying hydraulic retention time (HRT) of 8 hours and an up-flow velocity of 1 m/h. In order to achieve operational stability, the reactor was run for 7 days under these operating conditions. After that, the fermentation experiment started with an initial xylose concentration of 10 g/l, without ethanol added and a HRT of 5 hours. During the experiment, the concentration of added ethanol was gradually increased, whenever steady state was achieved. The criteria for steady-state conditions were that all parameters were constant for at least five residence times and that no changes were observed in the concentrations of effluent compounds (e.g. xylose, ethanol and acetate). The values presented are an average of data taken at steady-state and the standard deviation was less than 5%. The reactor performance at different steady states was monitored by measuring the xylose and product concentrations. During the experiment, sterile syringes and needles were used to take samples from the influent and effluent, and the samples were stored at -20 • C until analysis.
Estimation of ethanol loss: Carbon and redox balances
The redox and carbon balances were used to determine the amount of carbon in the form of ethanol loss by stripping off to the gas phase. Lactic acid production was less than 0.17 g/l (Table 1) and was therefore excluded from carbon and redox balance calculations. For biomass production a biomass yield of 0.045 g g −1 was assumed based on batch experiment tests and literature data [4, 23] , and with the following biomass composition CH 1.65 N 0.23 O 0.45 [24] . When the strain was grown in batch culture the carbon balance was closed (98 − 101%) indicating that no other by-products are formed than that included in redox and carbon balances. Redox balance (Eq. 1) was calculated as given [24] assuming that 2 moles of H 2 are produced for each mole of acetate [24] [25] [26] .
where: Y is product yield: for organic compounds is C-mole product per C-mole substrate and for H 2 is H 2 -mole per C-mole substrate. γ is degree of reduction representing the electron content per C-mole for organic compounds or per mol for inorganic compounds.
Carbon recovery (Eq. 2) was calculated as carbon in products formed (ethanol, acetate, CO 2 and biomass) divided by the total amount of xylose carbon consumed. CO 2 production was determined by assuming that 1 mole CO 2 is produced for each mole of ethanol and acetate [23, 24] .
where: Mi is the concentration of compound i (mol/l) The redox balance (Eq. 1) was used to determine the amount of carbon in the form of ethanol loss and to correct ethanol concentrations presented in the paper for loss of ethanol. Therefore, using corrected ethanol concentrations, the carbon balance (Eq. 2) was recalculated and closed to 100%.
Analytical Methods
Xylose and end-fermentation products (ethanol, acetate and lactate) were quantified by using HPLC-RI equipped with an Aminex HPX-87H column (Biorad) operated at 60
• C with 4 mM H 2 SO 4 as eluent with a flowrate of 0.6 ml/min. In addition, ethanol and acetate measurements were validated on a HP 5890 Series II gas chromatograph with flame-ionisation detection and a silica capillary column (cross-linked polyethylene glycol-TPA; 30 m × 0.53 mm). Prior to HPLC and gas chromatograph analysis, samples were acidified by the addition of 10 μl 20% H 2 SO 4 and 30 μl 17% phosphoric acid respectively per 1 ml of sample. Subsequently, the samples were centrifuged at 10,000 rpm for 10 minutes, followed by filtration through a 0.45 μm membrane filter.
Results
In this study, the ethanol tolerance of a lactate dehydrogenase deficient mutant strain Thermoanaerobacter BG1L1 was examined at its optimum temperature for growth (70
in a continuous immobilized reactor system. The experiment was carried out with an influent containing 10 g/l xylose as a carbon source and ethanol up to 8.3%. The ethanol tolerance under steady state conditions for each tested ethanol concentration was evaluated based on the fermentation performance of the strain, e.g. by xylose utilization (Figure 2 ) and product formation ( Table 1) . As can be seen from Figure 2 , xylose was almost completely utilized (> 98%) at the initial ethanol concentrations up to 2.4% indicating no apparent inhibition of the strain below this ethanol level. Further increase in added ethanol up to 5.9% had a clear inhibitory effect on xylose utilization. Xylose conversion decreased linearly to 45% (Figure 2) , which corresponds to an increase in effluent xylose concentration from 0.2 to 5.3 g/l (Figure 3 ). Apparent ethanol inhibition of both xylose conversion and microbial growth was seen at 5.9% ethanol and a HRT of 5 hours (Figure 3) . The inhibition was indicated by a transient increase in effluent xylose concentration from 3.3 g/l to approx. 7 g/l ( Figure 3 ) and a decrease in culture OD (data not shown). Although a steady state condition was typically established after 5 retention times at lower ethanol concentrations (0.9%−4.8%), at this ethanol concentration a new steady state was reached after a considerably longer period of time of approx. 30 retention times (∼ 6 days) (Figure 3 ). At the new steady state, the effluent xylose concentration (5.3 g/l) was lower than it was during the transient (7 g/l), and xylose utilization was 45% (Figure 2 ), indicating that the strain was adapted to this ethanol level. To avoid limitation due to short xylose residence time in the reactor, the experiment continued at a HRT of 24 hours. An increase in xylose conversion by 65% at 6% ethanol was observed (Figure 2 ). Further increase in addition of ethanol to 7.4% gave roughly the same xylose utilization of 72% (Figure 2 ). At the highest ethanol concentration tested (8.3%), a drop in xylose conversion by 71% was seen. However, at this high ethanol concentration, 42% conversion of the xylose initially present was still possible (Figure 2 ). The level of ethanol required to completely inhibit xylose fermentation was not determined in this study. To test if the strain performance was improved due to strain adaptation to higher ethanol concentrations, the HRT and ethanol concentration were decreased to 5 hours and 5% ethanol, respectively, which is required for economically efficient product recovery. As can be seen from Figure 2 , xylose utilization improved by 25% compared to that at 4.8% ethanol at the beginning of experiment. Ethanol evaporation is a well known problem in continuous ethanol fermentations. As can be seen from Table 1 , the loss of ethanol was rather apparent when ethanol concentrations in the influent stream exceeded 4.8% as indicated by higher inlet than outlet ethanol concentrations for each steady state. The loss of ethanol is due to the combined effect of stripping off ethanol with CO 2 and ethanol evaporation at the high process temperature of 70
• C, which is rather close to the boiling point of ethanol at 78
• C. The carbon and redox balances were used to correct the figures to include ethanol loss. For all ethanol concentrations tested (0.9 − 8.3%), relatively high and stable ethanol yields (0.40−0.42 g/g), equivalent to 0.78−0.82% of theoretical possible yield were found (Table 1) . These yields are the same as with the ones obtained in the control experiment (0.40 g/g) without ethanol added (Table 1) showing that ethanol had no apparent effect on the ethanol yield. Acetate was the main by-product and remained low during the entire experiment (0.06 − 0.12 g/g) ( Table 1) . Only trace amounts of lactate (0.17 g/l) were detected (Table 1) as expected, since the strain is a lactate dehydrogenase deficient mutant. These data also show that deletion of the lactate dehydrogenase was stable over a long period of time. Table 1 Effect of exogenously added ethanol on product formation by thermophilic anaerobic bacterium Thermoanaerobacter BG1L1 during continuous xylose fermentation (10 g/l xylose) in a FBR with no pH control at 70
• C.
Discussion
Various methods exist for defining ethanol tolerance. The tolerance itself may depend on growth, viability or fermentation, so no single method is universally accepted [11] . In our study, the approach used for evaluation of ethanol tolerance is based on the measurement of fermentation performance i.e. the ability of the tested organism to ferment the substrate. The basis of the method is that the added ethanol under constant growth rate conditions results in an increased effluent substrate concentration that compensates for the noncompetitive inhibitory effect of ethanol [17] . This methodology has previously been used to define ethanol tolerance in a continuous culture of Clostridium thermosaccharoliticum HG8 [10, 17] . Our work demonstrates for the first time that the concept of using immobilized continuous culture can be readily used to enhance ethanol tolerance of thermophilic anaerobic bacteria. The use of an immobilized reactor with increasing inhibitory product concentrations for enhanced tolerance to inhibitory products has been previously reported [27] . Bioethanol is a low value product, and for process economics, it is essential to accumulate as much ethanol as possible in the fermentation broth [28] . However, high ethanol concentrations affect the microorganisms by inhibiting cell growth, cell viability and fermentation activity, and consequently limiting the final concentration of ethanol produced [11, 29] . Strain adaptation to high inhibitory product concentrations by culturing the microorganism in medium with increasing inhibitory product concentrations has been previously reported for free and immobilized continuous cultures [10, 17, 27] . In this study, strain adaptation to high ethanol concentrations (> 6%) and a long HRT of 24 hours enabled an ethanol concentration of 8.3% to be tolerated by the tested strain Thermoanaerobacter BG1L1 with 42% conversion of the xylose initially present (Figure 2 ). The amount of xylose utilized at steady state indicates sustained cell growth in the reactor since only growing cultures can achieve a steady state in continuous culture [4] . A higher ethanol level than 8.3% might therefore be tolerated by the strain.
Apparent ethanol inhibition on fermentative performance of Thermoanaerobacter BG1L1 was seen at 5.9% added ethanol (Table 1 and Figure 2 ). After long-term strain cultivation at this ethanol level (5.9%), the effluent xylose concentration (5.34 g/l) at steady state was lower than at the transient state (7 g/l) , showing adaptation of the strain to this ethanol concentration. The strain adaptation to high ethanol concentrations (> 5%) in the influent was also confirmed by returning both the HRT (24 h) and ethanol concentration (8.3%) to 5 hours and 5% ethanol, respectively, resulting in an improvement in xylose conversion by 25% compared to that at the beginning of the experiment (4.8% ethanol; HRT=5 hours) (Figure 2 ). The high ethanol yield (0.40 g/g) ( Table 1 ) and xylose utilization (81%) (Figure 2 ) obtained after long-term strain adaptation to high ethanol concentrations show that high sugar conversion efficiency is possible at 5% ethanol, the concentration required for economic distillation of ethanol.
The decrease in xylose conversion from 100% to 45% with an increase of influent ethanol concentration from 0 to 6% at a constant HRT of 5 hours (Figure 2 ) with constant ethanol yields (Table 1) suggests a general decrease in the rate of xylose metabolism due to ethanol inhibition. To avoid the kinetic limitation (i.e. low reaction rate compared to substrate loading rate) caused by higher ethanol concentration, a longer substrate residence time in the reactor was needed in order to enhance substrate availability for the microorganisms. Increasing the HRT from 5 to 24 hours resulted in an increase in xylose conversion by 65% at 6% ethanol, and therefore enabled ethanol concentration of 8.3% to be tolerated by the strain with approxiamately the same xylose conversion (42%) compared to that at 5.9% ethanol and HRT of 5 hours (45%) (Figure 2 ). This shows that higher xylose conversion can be obtained at higher ethanol concentrations at a longer HRT, which is consistent with previous observations for the continuous culture of Clostridium thermosaccharolyticum [12] .
Ethanol production at high ethanol concentrations is pivotal for ethanol-producing microorganisms. Thus, the tested strain Thermoanaerobacter BG1L1 looks particularly promising for xylose fermentation since it produced a relatively high and stable ethanol yield (0.40 − 0.42 g/g) from xylose even at high ethanol concentrations of 5 − 8.3%. It was found that the yield was not affected by any concentrations of exogenously added ethanol and the yield was maintained for the entire experiment. This is probably a result of using all-in-one cell immobilization and a continuous mode of operation. Immobilized cells are, in general, more protected from inhibitor products and toxic compounds [18, 19] . Elimination of lactic acid as a fermentation product probably also resulted in less inhibition by the organic acid and by the absence of inhibition by cations added for pH control since pH control was not used [4, 23] .
The ethanol tolerance reported here is amongst the highest found for thermophilic anaerobic bacteria. Only a mutant strain of Thermoanaerobacter ethanolicus JW200 has been reported to exhibit higher tolerance of 9% (wt/v) ethanol at 69
• C [15] . However, this tolerance differs significantly from that (5.5% at 69 • C) reported more recently for its derivatives JW200 Fe(7) based on product inhibition model proposed by Levenspiel [24] . The ethanol tolerance (8.3%) demonstrated in the current work was seen at the highest growth temperature (70 • C) employed in those types of experiments (e.g. ethanol tolerance studies), which is remarkable considering the negative effect of high temperature on tolerance to ethanol. Baskaran et al. [10] performed an experiment with a continuous culture of Clostridium thermosaccharoliticum HG8 which clearly demonstrated that an increase in growth temperature by 5
• C (e.g., from 55 to 60 • C) decreases the ethanol concentration needed for 50% growth inhibition from 5% to 3.5%. Therefore, we believe that the strain might exhibit an even higher tolerance to ethanol at lower temperatures. The process temperature is an important process parameter for industrial ethanol production from lignocelluloisic biomass. At the optimum temperature of 37
• C for simultaneous sacchrafication and fermentation (SSF), which is a compromise between the optimum temperature for enzymatic hydrolysis (45 − 50 • C) and fermentation (30 • C), the traditional ethanol producers Saccharomyces cerevisiae and Zymomonas mobilis exhibit relatively low tolerance to ethanol (6% and 7%, respectively [30, 31] ). This is comparable to that of Thermoanaerobacter BG1L1. In this respect, organism sensitivity to ethanol becomes less essential at thermophilic conditions due to the relative ease for continuously removing ethanol from the reactor by the application of a mild vacuum or by gas stripping [1, 24] . Overall, the results from the present study support earlier suggestions [2, 10] that ethanol tolerance in thermophilic anaerobic bacteria is not a significant reason for not seriously considering them for bioethanol production from lignocellulose, and their potential for industrial exploitation should be reevaluated. The results presented here encourage a view of the practicality of the tested strain Thermoanaerobacter BG1L1 for fuel bioethanol fermentation, and attempts are under way to determine the performance of this organism on various pretreated lignocellulosic hydrolysates of industrial interest.
